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Magnetic properties of AMoOPO4Cl (A = K, Rb) with Mo5+ ions in the 4d1 electronic configuration are 
investigated by magnetization, heat capacity and NMR measurements on single crystals, combined with 
powder neutron diffraction experiments. The magnetization measurements reveal that they are good 
model compounds for the spin-1/2 J1–J2 square lattice magnet with the first and second nearest-neighbor 
interactions. Magnetic transitions are observed at around 6 and 8 K in the K and Rb compounds, 
respectively. In contrast to the normal Néel-type antiferromagnetic order, the NMR and neutron 
diffraction experiments find a columnar antiferromagnetic order for each compound, which is stabilized 
by a dominant antiferromagnetic J2. Both compounds realize the unusual case of two interpenetrating J2 
square lattices weakly coupled to each other by J1. 
 
I. INTRODUCTION 
Low-dimensional quantum magnets show rich ground states and phase transitions owing to strong 
quantum fluctuations. The spin-1/2 J1–J2 square lattice magnet, where spins on the square lattice are 
coupled by the nearest neighbor (NN) interaction J1 and the next nearest neighbor (NNN) interaction J2 in 
the diagonal direction, is one of the interesting examples. For classical spins, three ground states appear 
depending on the sign and the relative magnitude of J1 and J2 [1]; the J1–J2 phase diagram is illustrated as 
a function of the J1 and J2 in Fig. 1. When J1 is dominant (|J1| > 2J2), Néel antiferromagnetic (NAF) and 
ferromagnetic (F) states are realized for antiferromagnetic (J1 > 0) and ferromagnetic (J1 < 0) couplings, 
respectively, as in the case of a conventional spin-1/2 square lattice magnet with J2 = 0. On the other hand, 
when antiferromagnetic J2 is dominant (|J1| < 2J2), columnar antiferromagnetic (CAF) state with a stripe 
spin structure is stabilized. Moreover, strong quantum fluctuations for spin 1/2 add interesting features to 
the J1–J2 phase diagram. Novel quantum ground states without magnetic long-range order are predicted to 
occur in the highly frustrated parameter regions with |J1| ~ 2J2, although the details of these states are still 
under debate. A spin liquid state [2] or plaquette valence bond phases [3] are predicted for J1 > 0, while a 
spin nematic state, which is related to the Bose-Einstein condensation of bound magnon pairs, is predicted 
for J1 < 0 [4]. The J1–J2 model is also important as it is likely relevant to the mechanism of the 
high-temperature superconductivity of the iron pnictides [5,6]. 
Typical model compounds for the convensional spin-1/2 square lattice magnet are found in cuprates 
with Cu2+ (3d9) ions. For example, magnetic properties of La2CuO4 [7,8], which is known as the parent 
compound of the high-temperature superconductivity, Sr2CuO2Cl2 [9,10], Cu(DCOO)2·4D2O [11], 
Cu(pyz)2(ClO4)2 [12], and [Cu(pyz)2(HF2)]BF6 [13] have been investigated. In these compounds, J1 is 
largely antiferromagnetic, while J2 is almost negligible. In the case of the oxides, strong hybridizations 
between Cu dx2–y2 and oxygen p orbitals cause dominant J1. As for model compounds for the spin-1/2 
J1–J2 square lattice magnet, various vanadates with V4+ (3d1) ions have been studied (Fig.1). Although 
these vanadates have spins in the V dxy orbitals in the compressed VO5 square pyramidal coordination in 
common, the signs and magnitudes of J1 and J2 differ from one material to another. The first experimental 
realization of the spin-1/2 J1–J2 square lattice model was found in Li2VOMO4 (M = Si, Ge), in which the 
CAF order is observed due to the weakly antiferromagnetic J1 and strongly antiferromagnetic J2 [14-16]. 
CAF orders are also observed in AA’VO(PO4)2 (AA’ =BaCd, SrZn, BaZn, Pb2, PbZn), which have similar 
layered structures to Li2VOMO4, while J1 is weakly ferromagnetic [19-22]. In these compounds, the 
peculier layered structure may reduce J1 and enhance J2. In other vanadates such as VOMoO4 [17] and 
PbVO3 [18], dominant antiferromagnetic J1 stabilizes NAF. Unfortunately, no compounds seem to exist in 
the boundary regimes in the phase diagram. Therefore, in order to explore the quantum phases 
theoretically predicted in the boundary regimes in real materials, it is necessary to search for new J1–J2 
magnets having appropriate J1–J2 ratio.  
From the view point of the material exploration, expanding the target from 3d toward 4d/5d electron 
compounds would be attracting. Although less examples of localized spin systems have been found in the 
4d compounds, an early study indicated that the fluorides AMoF6 (A = Na, K, Rb, Cs) are good examples 
for localized 4d spin systems [23]. In recent years, more materials which show unique magnetic 
properties are reported. For example, the perovskite oxide SrTcO3 shows an unusually high Néel 
temperature [24], which is considered to be caused by the large hybridization between the spatially 
extended 4d orbitals and oxygen p orbitals. Such extended 4d orbitals may be utilized to realize a 
different balance between the NN and NNN magnetic interactions in the square lattice compared with 
those in the 3d systems. Moreover, the possible realizations of magnetic models that are different from the 
conventional Heisenberg model are discussed in 4d electron systems such as the molybdenum double 
perovskite oxides [25] and α-RuCl3 [26]. From these aspects, we expect that there is a chance to find a 
new J1–J2 square lattice magnet in 4d electron systems, which may lead to the finding of novel magnetic 
phases theoretically predicted or unpredicted in the J1–J2 square lattice Heisenberg model. 
The 4d1 compounds AMoOPO4Cl (A = K, Rb) were reported by Borel et al. in 1998 [27]. They crystalize 
in the tetragonal space group P4/nmm at room temperature with the lattice constants of a = 6.4340(5) Å 
and c = 7.2715(9) Å for the K compound and a = 6.4551(8) Å and c = 7.4612(8) Å for the Rb compound. 
The Mo5+ ions with the 4d1 electronic configuration should carry spin-1/2, when the spin-orbit coupling is 
negligible. As shown in the crystal structure in Fig. 2 (a), the MoO5Cl octahedra and PO4 tetrahedra share 
their corners to form layers which are separated by K or Rb ions. Every layer consists of a pair of Mo 
sheets at different heights along the c axis. The Mo atoms are connected linearly via one PO4 tetrahedron 
within one sheet, while, between two sheets, they are connected via two PO4 tetrahedra at nearly 
orthogonal angles: the former Mo pair corresponds to the next-nearest-neighbors and the latter to the 
nearest-neighbors. Superexchange interactions are expected between the NN and NNN spins through the 
two oxygen ions of PO4 tetrahedra. Therefore, it can be viewed that two square lattices made of J2 are 
stacked in a staggered way and are coupled by J1 to form J1–J2 square lattice in the structure. The atomic 
distances between the NN, NNN, and inter-plane Mo atoms are 4.75 (4.75) Å, 6.43 (6.46) Å, and 7.27 
(7.46) Å in the K- (Rb-) compounds. In addition to the long atomic distances, the absence of the 
Mo-O-O-Mo path through the PO4 tetrahedra for superexchange interactions along the inter-plane 
direction would reduce the inter-plane couplings and make the compounds quasi-two-dimensional. This 
layered structure resembles the vanadates Li2VOMO4 and AA’VO(PO4)2, which are previously studied as 
spin-1/2 J1–J2 square lattice magnets. 
The magnetic susceptibility of KMoOPO4Cl was reported in the previous study, but was not well 
characterized [27]. We synthesized single crystals of both the K and Rb compounds and performed 
magnetization and heat capacity measurements, which are well reproduced by the spin-1/2 J1–J2 square 
lattice model. Moreover, magnetic transitions are observed at around 6 and 8 K in the K and Rb 
compounds, respectively. Single crystal NMR experiments on the Rb compound and powder neutron 
diffraction experiments on both of the compounds show that the ground state is the CAF order in each 
compound, which must be stabilized by the dominant antiferromagnetic J2. Furthermore, a comparison 
between the two compounds reveals that the magnitude of the magnetic interactions is sensitive to 
chemical pressure, which suggests a possible fine tuning of the J1–J2 ratio by physical or chemical 
pressure to approach to the quantum phases at the boundaries. 
 
II. EXPERIMENTS 
 Single crystals of AMoOPO4Cl (A = K, Rb) were grown by the flux method. ACl, NaCl, Mo, MoO3, and 
P2O5 powders were mixed in the ratio of 90 : 90 : 1 : 5 : 3 in an Ar-filled glove box. The mixture was put 
into a Pt tube and sealed in an evacuated quartz tube. The tube was heated to 700 °C at 100 °C/hour and 
then slowly cooled to 600 °C at 2 °C/hour. Yellow (K) and orange (Rb) square plate crystals of the 
maximum size of 1 × 1 × 0.2 mm were obtained (insets in Fig.3). They are stable in air at room 
temperature. Polycrystalline samples for powder neutron diffraction experiments were prepared by the 
solid state reaction from stoichiometric mixtures heated at 600 and 650 °C for 72 hours for the K and Rb 
compounds, respectively. 
 The crystal structure was refined by means of single crystal X-ray diffraction (XRD) using the Shelx 
software [28]. The crystal structures of the two compounds at 293 K are identical to those reported in the 
previous study; the lattice constants are a = 6.4362(3) Å and c = 7.2705(6) Å in the K compound and a = 
6.4586(3) Å and c = 7.4590(4) Å in the Rb compound, which are close to the values reported in the 
previous study. A low-temperature XRD experiment was also performed at 90 K for the K compound, 
because there were signs of a structural distortion in magnetic susceptibility and NMR measurements on 
the powder sample. Magnetization measurements were performed in a SQUID magnetometer (MPMS3, 
Quantum Design), and heat capacity measurements were performed by a commercial measurement 
system by the relaxation method (PPMS, Quantum Design). 
 To determine the magnetic structure, 31P NMR (31γ = 17.235 MHz) measurements were carried out on 
the Rb compounds. NMR spectra were obtained by summing the Fourier transform of spin-echo signals 
obtained at equally spaced rf frequencies with a fixed magnetic field. Neutron powder diffraction 
measurements were carried out on both compounds using the D1B high-intensity diffractometer at 
Institute Laue-Langevin [29]. Approximately 5 g of powder samples were loaded into 8 mm diameter V 
cans in an Ar-filled glove box. The incident neutron wavelength was fixed to λ = 2.52 Å. A Rietveld 
refinement of the nuclear and magnetic structures was performed using the Fullprof package [30]. 
 
III. RESULTS AND DISCUSSION 
A.  LOW-TEMPERATURE CRYSTAL STRUCTURE 
The crystal structure of the Rb compound remains the same upon cooling, whereas that of the K 
compound changes below 110 K. A structural analysis on the XRD data obtained at 90 K for the K 
compound reveals the monoclinic structure with the space group C2/m and the lattice constants a = 
9.016(10) Å, b = 9.021(10) Å, c = 7.2468(8) Å and β = 90.057(2)°; atomic positions are listed in the Table 
1. The low-temperature monoclinic unit cell corresponds to a √2 × √2 × 1 superlattice of the 
high-temperature tetragonal unit cell (Fig. 2(b)). However, the monoclinic distortion is quite small as 
evidenced by the negligible difference between the a- and b- axis lengths and the tiny deviation from 90° 
in β. In addition, the changes in the bond lengths and angles of the Mo–O bonds are also small. From the 
structural point of view, we expect that this structural transition does not cause large changes in magnetic 
interactions. However, it is revealed from the magnetic susceptibility measurements shown below that 
sizable change in magnetic interactions occur at the transition. Since it occurs only in the K compound, 
the origin must be related to the size effect arising from the different ionic radii of the A ions, that is, the 
size mismatch effect or the chemical pressure effect. Possibly, the size of the common layer made of 
MoO5Cl octahedra and PO4 tetrahedra fits well with the large Rb ions, but not with the small K ions. This 
may be related to the lattice distortion caused by the size mismatch governed by the tolerance factor in the 
perovskite oxides. 
 
B. MAGNETIC INTERACTIONS  
 Figures 3 show the temperature dependences of the magnetic susceptibility χ measured in a magnetic 
field of 1 T applied along respectively the a and c axis of one single crystal for each compound. At first 
glance, there is little difference between the two compounds: upon cooling the χ shows a Curie–Weiss 
increase, a broad peak at Tp, indicating a development of short-range magnetic correlations typical for 
low-dimensional quantum antiferromagnets, and an anomaly at Tm: we define Tm as the temperature of the 
characteristic minimum in χ at H // c. This confirms that they are essentially the same spin systems. Major 
differences are found in the values of Tp and Tm: (Tp / K, Tm / K) = (21, 6.5) and (26, 8.1) for the K and Rb 
compounds, respectively. The fittings by the Curie-Weiss law including temperature independent term χ0, 
χ = χ0 + C/(T + Θ) where C and Θ are the Curie constant and the Weiss temperature, are performed above 
150 K. The fittings yield positive Weiss temperatures of 26(1) and 35(1) K for the K and Rb compounds, 
respectively, indicating predominant antiferromagnetic interactions that seems to scale with the 
magnitude of Tp. The χ0 terms take tiny negative values between −4×10-5 and –1×10-4 cm3 mol-Mo-1 and 
are considered to represent diamagnetic contributions from core electrons and varnish used to fix crystals; 
the same χ0 values are used for the further fittings below. Thus, the overall magnetic interactions are 
smaller in the K compound than in the Rb compound. The effective magnetic moments estimated from 
the Curie constants for H // a and c are 1.73(1) and 1.71(1) μB / Mo in the K compound, while 1.67(1) and 
1.67(1) μB in the Rb-compound, respectively. These values are quite close to the spin-only value of 1.73 
μB for spin 1/2. Therefore, the orbital angular momentum is almost quenched, because the crystal field of 
the MoO5Cl octahedron has removed the degeneracy of the t2g orbitals completely. The dxy orbital of the 
Mo5+ ion is considered to carry spin-1/2, as that of the V4+ ion in the vanadates. 
In order to estimate the magnitude of magnetic interactions more precisely, fittings of the magnetic 
susceptibility data to the high-temperature series expansion for the spin-1/2 Heisenberg square lattice 
magnet [31] are performed. In the case of the Rb compound, the experimental data are almost completely 
reproduced down to around 25 K, as shown by the green dashed line in Fig. 3(b): the fitting above 25 K 
yields an antiferromagnetic interaction of 29(1) K. The J1–J2 square lattice model [15] is also employed 
but do not improve the fitting. These results suggest that either of J1 or J2 is dominant: J1 ~ 29 K >> |J2| or 
J2 ~ 29 K >> |J1|. Note that the former case corresponds to the conventional square lattice antiferromagnet, 
while, in the latter case, two almost independent square lattices are interpenetrating with each other.  
In the K compound [Fig. 3(a)], a fitting to the square lattice model at above 120 K for the 
high-temperature phase gives an antiferromagnetic interaction of 24(1) K, which is slightly smaller than 
that of the Rb compound. Fitting to the J1–J2 square lattice model did not give reliable results in this 
temperature range: the result strongly depends on the initial parameter. The apparent enhancement of the 
magnetic susceptibility from the fitting curve in the low temperature region clearly indicates that the 
lattice distortion caused by the structural phase transition has modified the magnetic interactions. 
Probably, the low-temperature structure has smaller antiferromagnetic interactions and/or larger 
ferromagnetic interactions. The low temperature susceptibility data at 20-100 K can be fitted better to the 
spin-1/2 J1–J2 square lattice model than to the normal square lattice model, which yields J1 = –2.0(1) K 
and J2 = 19(1) K [the orange dashed line in Fig. 2(a)]. The reverse case of J1 = 19 K and J2 = –2.0 K gives 
a similarly good fit, which has been excluded by the NMR and the neutron diffraction experiments 
mentioned below. 
 
C. MAGNETIC TRANSITIONS 
 The magnetic susceptibilities show anomalies at around Tm in the K and Rb compounds, respectively, 
below which a distinct anisotropy appears at low fields. Corresponding to these, small kinks are observed 
in heat capacity at similar temperatures, as shown in Fig. 4, indicating long-range magnetic orders at Tm. 
Concerning the anisotropy, the susceptibility decreases in H // a, while increase in H // c at 1 T. At 2 T, the 
susceptibility also shows an upturn in H // a, but the difference between the H // a and c measurements 
still remains with a reduced anisotropy. The difference completely vanishes at 5 T, indicating an isotropic 
magnetic order. The Tm increases gradually with increasing H in both compounds. 
The heat capacity data of the two compounds are also similar to each other. At zero field it shows a tiny 
kink at 6.3 (7.8) K and a broad shoulder at around 12 (15) K for the K (Rb) compound. With increasing 
magnetic field, the kink shifts to higher temperatures up to 7.4 (9.0) K at 9 T and tends to become sharp. 
We define these anomaly temperatures as the magnetic ordering temperatures TN and plot them in the H-T 
diagram of Fig. 5. The small anomalies, particularly at H = 0, indicate that the magnetic entropy released 
at TN is small, which is attributed to the good two-dimensionality of the spin systems: most entropy is 
released by short-range correlations at higher temperatures, which is actually observed as a broad peak in 
the heat capacity.  
The observed temperature dependences in magnetic susceptibility are quite similar to those calculated 
for the spin-1/2 Heisenberg square lattice antiferromagnet with small easy-plane anisotropy [10]. For 
example, in the presence of easy-plane anisotropy of 0.02J, the calculated out-of-plane susceptibility 
shows a minimum at T ~ 0.3J, which is considered to represent a crossover from isotropic to XY spin 
behavior, preceding Berezinskii−Kosterlitz−Thouless transition at T ~ 0.23J. The Rb compound with J2 ~ 
29 K, shows a minimum at Tm ~ 0.28J2 in H // c. This coincidence suggests the presence of easy-plane 
anisotropy of the order of 0.02J2. Note that TN determined from heat capacity is slightly lower than Tm: TN 
~ 0.27J2. Increase of the TN in H // c should be attributed to the enhancement of effective easy plane 
anisotropy by the applied magnetic fields [32]. Origin of the growth of the peak in heat capacity is not 
clear, but may be related to a field-induced spin-flop transition or change in the type of magnetic 
transition. 
 
D. 31P NMR RESULTS  
Microscopic information about the magnetic order of the Rb compound has been examined by 31P NMR 
experiments. Figures 6 (a) and (b) show the temperature dependences of the NMR spectra measured at 5 
T in H // c and ab, respectively. In each case, a sharp single peak is observed above 9 K, which is 
consistent with the fact that the P atoms occupy a unique crystallographic site. The magnetic shift in the 
paramagnetic phase should follow a uniaxial angular dependence, because the P site has the S4 symmetry 
around the c axis [Fig. 6(c)]. The hyperfine coupling constants are determined to be A// = −0.43 T/μB and 
A⊥ = −0.09 T/μB from the data of the magnetic shift and the susceptibility, which show a linear relation in 
the paramagnetic phase. The single paramagnetic peak in H // c splits into two peaks below 8 K, as shown 
in Fig. 6(a), which indicates the appearance of an antiferromagnetic internal field. The temperature 
dependence of the internal field Hint determined from the peak splitting is shown in Fig. 6(d). By fitting 
the data to the function Hint = H0(1 − T/TN)β, we obtain the transition temperature TN = 8.12(1) K at 5 T 
and the critical exponent β = 0.24(1). The field dependence of TN from NMR is plotted in Fig. 5, which 
coincides with that from heat capacity. Note that, in addition to the split peaks, another peak that could be 
attributed to the paramagnetic state is observed in the narrow temperature range of 8.0–8.1 K. This 
coexistence may be attributed to inhomogeneity due to certain imperfection of the crystal or a weak 
first-order nature of the transition.  
In sharp contrast, the NMR spectra in H // ab do not show such a splitting as observed in H // c but a 
slight broadening below 8 K [Fig. 6(b)]. This anisotropic behavior gives a strong constraint on the 
magnetic structure. According to the calculations of the hyperfine field on the P site generated by 
magnetic moments on the four surrounding Mo sites given in Appendix, the NMR spectrum in H // c 
should have a single peak in the NAF state, whereas it shows a double peak in the CAF state except for 
the case that the magnetic moments point to the [110] direction. Therefore, it is concluded that the 
magnetic structure is a CAF state with its magnetic moment not parallel to the [110] direction. On the 
other hand, the calculations also indicate that the internal field perpendicular to the c axis is proportional 
to the ordered moment parallel to the c axis in the CAF state. Thus, no splitting is expected in the NMR 
spectrum in H // ab, when the magnetic moments lie within the ab plane. The slight broadening observed 
in H // ab must indicate that the ordered moments lie nearly in the ab plane.  
 
E. POWDER NEUTRON DIFFRACTION 
At base temperature of 1.5 K, we observe a number of magnetic Bragg peaks which can be indexed by a 
single propagation wave vector of k = (0.5, 0.5, 0.5) in each compound, as shown in Fig. 7. They appear 
below ~ 7 and ~ 8 K in the K and Rb compound, respectively, as shown in the insets. In order to analyze 
the magnetic structures from neutron diffraction we have performed the decomposition of the magnetic 
representation into irreducible representation of the paramagnetic space group, that is, P4/nmm in the 
present case, using the Basireps program in the Fullprof package [30]. We obtain three two-dimensional 
irreducible representations, Γk = Γ2 + Γ3 + Γ4. The Fourier coefficients S for each irreducible 
representation are shown in Table II for the two symmetry-related Mo sites. As the propagation wave 
vector k is equivalent to −k, the magnetic moments are found as ( ) ( )( , ,  1) x y zL L Lx y z nm L L L S + += − , where 
Lx,y,z are real space translation vectors and n labels the zeroth unit cell Mo ion. To approximate the 
magnetic form factor of the Mo5+ ions, which is not available in literature, we take an average of the 
magnetic forms factors for Cr4+ and W5+ ions [33-34].  
Taking into account the magnetic symmetry and form factor, we perform Rietveld refinements of the 
magnetic structure with the moment size and directions as free parameters. The refined patterns for the 
K(Rb) compound have a goodness-of-fit χ2 = 13.5 (10.9) and magnetic R-factor of 48.1 (22.3). As shown 
in Fig. 7, the main source of the relatively poor fit quality is due to imperfect subtraction of the nuclear 
contribution as a result of slight lattice contraction on cooling from 30 to 1.5 K. Due to powder averaging 
we cannot rule out a non-collinear magnetic structure based on our measurements, and cannot determine 
the moment direction in the ab plane. Nevertheless, symmetry analysis allows us to greatly constrain the 
phases between ions to that of the Γ4 irreducible representation which best describes the powder 
diffraction patterns of both the compounds. An example of a magnetic structure that is consistent with the 
data is depicted in Fig. 8. It consists of antiferromagnetic chains along [1, 0, 0] that are ferromagnetically 
stacked along the [1, 1, 0] direction, which is the CAF structure and perfectly consistent with the NMR 
results. An additional information is on the stacking of sheets: the spins are arranged 
antiferromagnetically along the c axis. The ordered magnetic moment on the Mo ion is within fitting 
uncertainty the same in both compounds, 0.54(6) μB in KMoOPO4Cl and 0.53(1) μB in RbMoOPO4Cl. 
The large reduction of the ordered moments is likely to originate from quantum fluctuation. 
 
F. COMPARISON BETWEEN THE J1–J2 SQUARE LATTICE COMPOUNDS 
The present NMR and neutron diffraction experiments reveal CAF orders for both the compounds. 
To reconcile this, J2 must be larger than J1. Thus, the magnetic interactions of the K and Rb compounds 
are determined as (J1 / K, J2 / K) = (−2, 19) and (~ 0, 29) for the K and Rb compounds, respectively; the 
J2 is slightly larger and the TN is higher in the Rb compound than in the K compound. Consequently, the 
two compounds provide similar J1–J2 square lattice antiferromagnets with relatively large 
antiferromagnetic J2 and much smaller J1, so that they exist near the top of the J1–J2 phase diagram of Fig. 
1. 
A small but significant difference between the two compounds comes from the J1 values. Because of the 
negligible J1, the Rb compound provides a unique antiferromagnet made of weakly coupled 
interpenetrating square lattices. For J1 ~ 0, one naively expects two independent square lattices, because 
the nearest-neighbor couplings are geometrically cancelled. However, they prefer the CAF long-range 
magnetic order by the order-by-disorder mechanism [1]. If the J1 is neglected, this compound may be 
regarded as an ideal model compound of the spin-1/2 square lattice antiferromagnet. As evidenced from 
the anisotropy in magnetic susceptibility, it is a nearly Heisenberg magnet with small easy-plane 
anisotropy. It may offer an ideal playground to study quantum magnetism such as a quantum effect on the 
magnetic excitations [11].  
On the other hand, the K compound at low temperatures below structural transition has J1 ~ −2 K. The J 
= 24 K estimated above the structural transition is considered to come from mostly J2 as in the Rb 
compound without structural transition. Then, the lattice distortion has enhanced ferromagnetic J1 and 
reduced antiferromagnetic J2. Although the lattice distortion associated with the structural transition is 
very small, the superexchange path via the PO4 unit must be highly sensitive to a change in the local 
structure, which is caused by the chemical pressure effect. The tendency that the chemical pressure acts to 
decrease the J2/J1 ratio coincides with the calculation performed for the crystal structures of the 3d J1–J2 
square lattice antiferromagnet Li2VOSiO4 under high pressure [35]. Interestingly, in the structurally 
related compound MoOPO4, a Néel-type magnetic structure, where the moments arranged parallel to the 
c-axis in the plane and stacked ferromagnetically, is observed [36]. Note that, owing to the 
“de-intercalation” of A and Cl ions from AMoOPO4Cl, the MoO6 octahedra and PO4 tetrahedra tilt 
mutually in the ab-plane in MoOPO4, which might result in a dominant antiferromagnetic J1 to the NAF 
order. This comparison suggests that magnetic interactions in the MoOPO4 layer are so sensitive to the 
crystal structure as to change the ground state magnetic structure. 
The CAF order has been observed in the 3d compounds Li2VOMO4 (M = Si, Ge) and AA’VO(PO4)2 (AA’ 
= Pb2, SrZn, BaZn, and BaCd). Note that these vanadates have |J1| and |J2| smaller than 10 K. The larger 
antiferromagnetic interaction in the molybdates must be explained by the larger overlapping between 
more spatially more extended 4d orbitals and O 2p orbitals, which increases the electron transfer t 
associated with the superexchange process. Moreover, the smaller electron correlation U of the Mo ion 
may also enhance the magnetic coupling; J ~ t2/U.  
 
IV. SUMMARY 
We have studied the magnetism of AMoOPO4Cl (A = K, Rb) with the 4d1 electronic configuration and 
showed that the compounds provide us with good candidates for the spin-1/2 J1–J2 square lattice magnet. 
The magnetic interactions are estimated as |J1| ~ 0 and J2 ~ 29 K in the Rb compound and J1 ~ −2 K and 
J2 ~ 19 K in the K compound. The magnetic structure of each compound is determined by the NMR and 
neutron diffraction experiments, which is a CAF order as expected for the corresponding parameter 
regime from the theoretical prediction for the J1–J2 square lattice magnet. In addition, magnetic moments 
with reduced magnitude of ~0.5 μB lie within the plane. On the other hand, we have found that the 
magnetic interactions are sensitive to the local crystal structures. Applying further chemical or physical 
pressure would increase J1 and decrease J2 to drive the system closer to the highly frustrated parameter 
region. NMR experiments under pressure are now ongoing.  
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FIG 1. Ground state phase diagram of the spin-1/2 J1–J2 square lattice magnet and the model compounds 
placed on it. NAF, FM, and CAF refer to the Néel antiferromagnetic, the ferromagnetic, and the columnar 
antiferromagnetic states, respectively. Quantum ground states without long-range magnetic orders are 
predicted near the boundaries between NAF and CAF or between FM and CAF. 
  
FIG 2. Crystal structures of AMoOPO4Cl (A = K, Rb) viewed along the b axis (a) and the c axis (b). 
MoO5Cl octahedra (green), PO4 tetrahedra (yellow), and spheres of K or Rb ions (blue) are depicted. The 
red and purple spheres represent oxide and chloride ions, respectively. The unit cell of the P4/nmm 
structure and that of the low-temperature C2/m structure of the K compound are shown by the black and 
red dashed lines, respectively. The NN interaction J1 and the NNN interaction J2 are depicted by the thick 
red and blue lines in (b), respectively. 
 
 
FIG 3. Temperature dependences of magnetic susceptibility for KMoOPO4Cl (a, c) and RbMoOPO4Cl (b, 
d) measured. For each measurement, one single crystal such as shown in the inset photograph was used. 
The red and blue lines show the data in the magnetic field H // a and c, respectively. The black dashed 
lines in (a) and (b) show Curie–Weiss fits, and the green and orange dashed lines show fittings to the 
high-temperature series expansions of the spin 1/2 square-lattice magnet and the J1–J2 square lattice 
magnet, respectively. The black arrow in (a) for the K compound indicates the temperature of the 
structural phase transition, which is absent in the Rb compound. The magnetic susceptibility data 
measured in different magnetic fields of 1, 2, and 5 T at low temperatures are shown in (c) and (d). 
 
 
FIG 4. Temperature dependences of heat capacity for (a) KMoOPO4Cl and (b) RbMoOPO4Cl in the 
magnetic fields of 0 T (red filled circle), 2 T (green open circle), 5 T (blue filled triangle), and 9 T (black 
open triangle) along the c axis. Enlarged plots around the anomalies are shown in the inset. 
 
 
FIG 5. Temperature-magnetic field phase diagram of AMoOPO4Cl (A = K, Rb) obtained by the heat 
capacity and NMR measurements in the magnetic field H // c. Para and CAF represent the paramagnetic 
and columnar antiferromagntic ordered states, respectively. 
 
 FIG 6. Temperature dependences of the 31P NMR spectra for a single crystal of RbMoOPO4Cl at 5 T in 
(a) H // c and (b) H // ab. (c) Coordination around a P atom viewed along the c axis in RbMoOPO4Cl. 
Four Mo atoms are arranged in the S4 symmetry: Mo1 and Mo3 atoms are located at a height below the P 
atom, and Mo2 and Mo4 atoms above. (d) Temperature dependence of the internal field Hint determined 
from the peak splitting at 5 T in H // c. The red line is a fit to the form Hint = H0(1 − T/TN)β. 
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FIG. 7. Neutron powder diffraction patterns collected at 1.4 K for (a) KMoOPO4Cl and (b) RbMoOPO4Cl. 
For each data, a paramagnetic background from 30 K measurements has been subtracted. Plotted in red is 
the calculated pattern according to the magnetic structure model described in the text. Black vertical lines 
denote the magnetic Bragg peak index. The difference between simulations and measured intensities is 
shown at the bottom of each panel. The temperature dependence of the integrated intensity of the (0.5, 0.5, 
0.5) reflection is shown in the inset for each compound. 
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FIG 8. Possible magnetic structure of AMoOPO4Cl (A = K, Rb) determined by the powder neutron 
experiments. 
 
TABLE 1. Atomic parameters obtained by the single crystal XRD experiments of KMoOPO4Cl at 90 K. 
The lattice constants are a = 9.016(10) Å, b = 9.021(10) Å, c = 7.2468(8) Å and β = 90.057(2)° in the 
monoclinic space group C2/m. 
Atom Site x y z 100Ueq (Å2) 
K 4g 0.5 0.2501(2) 0 1.43(3) 
Mo 4i 0.7500(1) 0 0.4054(1) 0.73(2) 
P 4h 0.5 0.2500(2) 0.5 0.71(3) 
O1 4i 0.7500(6) 0 0.6321(7) 1.7(1) 
O2 8j 0.5926(4) 0.3442(4) 0.6303(4) 1.3(1) 
O3 8j 0.5924(4) 0.1558(4) 0.3697(4) 1.3(1) 
Cl 4i 0.7499(2) 0 0.0488(2) 1.06(3) 
 
TABLE 2. Fourier coefficients S of irreducible representation Γν separated into real and imaginary 
components and resolved along the crystallographic axes. Mo ions are situated at 1. (0.25, 0.25, 0.09) and 
2. (−0.25, 0.75, −0.09). The coefficients u and v are free parameters which must be determined 
experimentally. 
ν  Mo1 Mo2 
2 
 
Re 
Im 
(0, 0, u) 
(0, 0, −v) 
(0, 0, −v) 
(0, 0, u) 
3 
 
Re 
Im 
(u, −v, 0) 
(−v, u, 0) 
(−v, u, 0) 
(u, −v, 0) 
4 
 
Re 
Im 
(u, v, 0) 
(−v, −u, 0) 
(−v, −u, 0) 
(u, v, 0) 
 
APPENDIX. CALCULATION OF THE HYPERFINE FIELD  
We discuss the magnetic structure of RbMoOPO4Cl based on the symmetry characteristic of the 
hyperfine coupling tensor. Since the hyperfine interaction in insulators are short-ranged, we can assume 
that the hyperfine field at the P sites is the sum of the contributions from the four nearest-neighbor Mo 
sites, 
4
int
1
i i
i=
= ⋅∑H A m , (A.1) 
where Ai is the hyperfine coupling tensor between the P nucleus and the magnetic moment mi of the i-th 
Mo [see Fig. 5(c)]. Since the Mo1 and P sites are on the mirror plane perpendicular to the b axis, it is one 
of the principal axes of A1. Therefore, A1 can be expressed as 
1
0
0 0
0
aa ac
bb
ac cc
A A
A
A A
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Then, A2, A3, and A4 are obtained by applying S4 symmetry operation, 
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A . (A.3) 
First, we consider the NAF order, where the ordered moments are described as 
I
I I
1 2 3 4
I
a
b
c
σ
σ
σ
⎛ ⎞⎜ ⎟
= − = = − = = ⎜ ⎟⎜ ⎟⎝ ⎠
m m m m σ . (A.4) 
By incorporating Eqs. (A.2), (A.3), and (A.4) into Eq. (A1), we obtain the internal field 
I
I
int 2( )
0
a
aa bb bA A
σ
σ
⎛ ⎞⎜ ⎟
= − −⎜ ⎟⎜ ⎟⎝ ⎠
H . (A.5) 
Thus, the internal field along the c axis is zero in the NAF order. Furthermore, the ab components of Hint 
are negligible in H // c, when the applied magnetic field is sufficiently strong, H >> |Hint|, which is the 
case in our experiments. Therefore, in the NAF, the NMR spectrum in H // c must show a single peak, 
which is inconsistent with our NMR results. In contrast, the ordered moments in the CAF order are 
described as 
II
II II
1 2 3 4
II
a
b
c
σ
σ
σ
⎛ ⎞⎜ ⎟
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m m m m σ . (A.6) 
By incorporating Eqs. (A.2), (A.3), and (A.6) into Eq. (A1), we obtain 
II
II
int
II II
2
c
ac c
a b
A
σ
σ
σ σ
⎛ ⎞⎜ ⎟
= −⎜ ⎟⎜ ⎟
−⎝ ⎠
H . (A.7) 
In this case, the internal field has a c component except for a special case where the magnetic moment is 
pointing to the diagonal direction between the a and b axes. Since there is another P site which feels 
internal field with opposite sign in the CAF structure, two peaks are expected in the NMR spectrum for H 
// c, which is consistent with our experiment. Moreover, the absence of splitting in H // ab indicates that 
IIσc  is almost zero, i.e., the magnetic moment lies in the ab plane. 
